ABSTRACT Our previous studies demonstrated that green and blue monochromatic lights were effective to stimulate immune response of the spleen in broilers. This study was designed to investigate the effects of monochromatic light on both gut mucosal mechanical and immunological barriers. A total of 120 Arbor Acre male broilers on post-hatching day (P) 0 were exposed to red light, green light (GL), blue light (BL), and white light (WL) for 49 d, respectively. As compared with broilers exposed to WL, the broilers exposed to GL showed that the villus height of small intestine was increased by 19.5% (P = 0.0205) and 38.8% (P = 0.0149), the crypt depth of small intestine was decreased by 15.1% (P = 0.0049) and 10.1% (P = 0.0005), and the ratios of villus height to crypt depth were increased by 39.3% (P < 0.0001) and 52.5% (P < 0.0001) at P7 and P21, respectively. Until P49, an increased villus height (33.6%, P = 0.0076), a decreased crypt depth
INTRODUCTION
It has been demonstrated that the intestinal mucosa is not only the major site for digestion and absorption of nutrients, but also the innate defense barrier against most intestinal pathogens (Lotz et al., 2007; Chairakaki and Greece, 2009 ). The gut mucosal barriers are mainly composed of a mechanical barrier, biological barrier, chemical barrier, and immunological barrier, in which the mechanical barrier and immunological barrier are the chief components of intestinal mucosal immunity (Reynolds et al., 1996) . Studies with chickens suggested that several factors, such as alterations in dietary components or husbandry, could influence intestinal mechanical barrier by altering villus height and crypt depth (Uni et al., 2001; Fasina et al., 2006) , and affect mucosal immune responses by changing mucosal immune-associated cell populations (Forder et al., 2007; Yang et al., 2007; Liu et al., 2008) . Light is an important environmental factor that influences the behavior, growth, and health in the birds. Recently, many studies have reported that the light color plays an important role in growth performance and immune response of broilers. For example, green (GL) and blue (BL) monochromatic lights promote growth and development of broilers via stimulating testosterone secretion and myofiber growth (Rozenboim et al., 1999 (Rozenboim et al., , 2004 Lewis and Morris, 2000; Cao et al., 2008; Liu et al., 2010) . Additionally, our previous studies revealed that the splenocyte proliferation and antibody production were increased in broilers reared under green and blue lights as compared with red light (RL; Xie et al., 2008a,b) . However, the effects of monochromatic light on both gut mucosal mechanical and immunological barriers have not been characterized.
Effects of monochromatic light on mucosal mechanical and immunological barriers in the small intestine of broilers
D. Xie ,* 1 J. Li ,* 1 Z. X. Wang ,* J. Cao ,* T. T. Li ,* J. L. Chen , † and Y. X. Chen * 2 (15.4%, P = 0.0201), and an increased villus height-tocrypt depth ratio (58.5%, P < 0.0001) were observed in the BL group as compared with the WL group. On the other hand, the numbers of intestinal intraepithelial lymphocytes (27.9%, P < 0.0001 and 37.0%, P < 0.0001), goblet cells (GC, 22.1%, P < 0.0001 and 18.1%, P < 0.0001), and IgA + cells (14.8%, P = 0.0543 and 47.9%, P = 0.0377) in the small intestine were significantly increased in the GL group as compared with the WL group at P7 and P21, respectively. The numbers of intestinal intraepithelial lymphocytes (36.2%, P < 0.0001), GC (26.5%, P < 0.0001), and IgA + cells (68.0%, P = 0.0177) in the BL group were also higher than those in the WL group at P49. These results suggest that both mucosal mechanical and immunological barriers of the small intestine may be improved by rearing broilers under GL at an early age and under BL at an older age.
MATERIALS AND METHODS

Bird Treatment
A total of 120 Arbor Acre male broilers from Beijing Huadu Breeding Co. Ltd., P.R. China were randomly housed in 4 light-control rooms and each room contained 6 replicate pens (5 birds per pen) at a density of 11.5 birds/m 2 . All broilers on post-hatching day (P) 0 were exposed to BL (480 nm), GL (560 nm), RL (660 nm), and white light (WL; 400-700 nm) by using a light-emitting diode (LED) system for 49 d, respectively (Cao et al., 2008) . Fifteen LED lamps were installed on a plastic board (width = 2 cm, length = 1 m). The distance between lamps was 6 cm. These LED lamps were placed 10 cm above the heads of broilers by attachment of the plastic board to the cage ceiling. The energy output of each LED lamp was tuned through changing the lamp's voltage and current by a transformer. Their voltages were 13.36 V in WL, 9.56 V in RL, 13.89 V in GL, and 14.94 V in BL. The illuminance was measured daily using an automatic range luminometer (Digital Luxmeter MS6610; Union Instruments Co. Ltd., Kwun Tong, Hong Kong). All light sources were equalized on the illuminance of 15 ± 0.3 lx at birdhead level and light period of 23 h (23L:1D, light off at 23:00). Chicks had ad libitum access to feed and water, and diets were formulated to meet or exceed the nutrient recommendations for poultry (NRC, 1994) . Animal behavior and mortality in all treatment groups were observed daily. We did not observe the pecking anal and other abnormal behaviors in all groups. And the mortalities were 0% during this entire experimental period. All procedures were approved by the Animal Care and Use Committee of China Agricultural University (Beijing).
Tissue Harvesting and Processing
At P7, P21, and P49, the BW of each bird was measured, and 1 bird from each pen was killed under deep Nembutal anesthesia (50 µg/g of BW, intraperitoneally; n = 72). Their duodenum (0.5 cm from the pyloric sphincter), jejunum (Meckel's diverticulum), and ileum (0.5 cm from the ileocecal orifice) segments (1 cm long) were taken and fixed in 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4, 4°C) for 48 h, and paraffin sections (5 µm thick) were made.
For histological studies, sections were stained with hematoxylin and eosin. Eight cross-sections for each intestinal segment were prepared for each bird. Villus height (from the tip of villus to the junction of villous and crypt) and crypt depth (from the base of crypt to the level of crypt opening) were measured from 5 vertically oriented crypts and villi structures of each section by using image analysis software (Scion Image, Version Beta 4.0.2; Scion Co., Frederick, MD). The number of intestinal intraepithelial lymphocytes (iIEL) was counted from 5 intact villi of each section, and the data were shown as the average number within 100 columnar cells (villous epithelium cells). In addition, 8 crosssections for each intestinal segment were stained with the periodic acid-Schiff method (McManus and Mowry, 1960; Garvey et al., 1992) for goblet cells (GC) and the number of GC within 100 columnar cells was counted.
For immunohistochemistry, sections were incubated overnight at 4°C with mouse anti-chicken IgA + primary antibodies (1:150; Southern Technology Inc., Longwood, FL). Then, the sections were rinsed in 0.01 M PBS (pH 7.4) and incubated with biotinylated goat anti-mouse secondary antibody (1:200; Sigma-Aldrich, St. Louis, MO) for 2 h at room temperature. After washing, the tissues were then incubated with streptavidin-horseradish peroxidase (1:250; Sigma-Aldrich) for 1 h at 25°C. Immunoreactivity was visualized by incubating in 0.01 M PBS containing 0.05% 3′,3-diaminobenzidine tetrahydrochloride (DAB; Sigma-Aldrich) and 0.003% hydrogen peroxide for 10 min in the dark. After the final rinsing, the sections were mounted. The specificity of the immunostaining was checked by omitting incubation in primary antibodies. The number of positive cells was counted in the total areas of 5 crosssections of each intestinal segment.
Statistical Analysis
Results were expressed as means ± SEM and analyzed by one-way ANOVA of SPSS 10.0 (SPSS Inc., Chicago, IL). A value of P < 0.05 was considered significant.
RESULTS
Changes in Villus Height, Crypt Depth, and Villus Height-to-Crypt Depth Ratios
The intestinal villus had considerable integrity in various light groups ( Figure 1A and B), and its height increased gradually during the whole growth stage of broilers. However, the villus height, crypt depth, and the ratios of villus height to crypt depth (V/C ratio) were different in various light groups (Tables 1-3 ).
In the RL group of broilers, the intestinal villus height was the lowest, whereas the crypt depth was the largest in the duodenum, jejunum, and ileum, respectively. However, there was no difference between the RL group and WL group at P7 in the duodenum (P = 0.9999), jejunum (P = 0.0604), and ileum (P = 0.6476), respectively. At P7 and P21, the villus height of the GL group was significantly higher than that of the WL group by 27.1% (P = 0.0022) and 54.0% (P < 0.0001) in the duodenum, 12.3% (P < 0.0001) and 11.6% (P = 0.0009) in the jejunum, and 15.1% (P = 0.0015) and 46.1% (P < 0.0001) in the ileum, respectively. Until P49, the villus height of the BL group was the highest and was 31.4% (P < 0.0001), 20.7% (P < 0.0001), and 60.3% (P < 0.0001) larger in the duodenum, jejunum, and ileum, respectively, than that of the WL group. However, there was no significant difference between the GL group and BL group at P7 in the ileum (P = 0.9997) and at P21 in the jejunum (P = 0.5098; Table  1 ).
In contrast, compared with the WL group, the crypt depth of the GL group in the duodenum, jejunum, and ileum was lower by 4.1% (P = 0.6950), 17.8% (P < 0.0001), and 24.1% (P < 0.0001) at P7, and lower by 8.1% (P = 0.0010), 14.3% (P < 0.0001), and 9.1% (P = 0.0176) at P21, respectively. There was no significant difference in the crypt depth among the RL, BL, and WL groups at P7. However, a significant decrease in the crypt depth was observed in the BL group at P49, which was lower than that of the RL group by 32.7% in the duodenum (P < 0.0001), 20.6% in the jejunum (P = 0.0006), and 12.5% in the ileum (P = 0.0005), and was also lower than that of the WL group by 20.4% (P = 0.0013) in the duodenum, 12.4% in the jejunum (P = 0.0011), and 10.7% in the ileum (P = 0.0044), respectively. No statistical difference was found between the GL group and the BL group at P7 in the duodenum (P = 0.2915; Table 2 ).
Consequently, compared with the WL group, the V/C ratios of the duodenum, jejunum, and ileum were significantly increased in the GL group at P7 by 12.8% (P = 0.0002), 41.7% (P = 0.0001), and 52.4% (P < 0.0001), and at P21 by 66.7% (P < 0.0001), 30% (P < 0.0001), and 59.1% (P < 0.0001), and in the BL group at P49 by 64.0% (P < 0.0001), 38.3% (P < 0.0001), and 81.8% (P < 0.0001; Table 3 ).
Changes in Numbers of iIEL, GC, and IgA + Cells
The iIEL and GC were dispersed among the intestinal columnar cells ( Figure 1C and D) . The numbers of iIEL and GC in the RL group were the lowest among the 3 intestinal segments during the whole growth stage of broilers (Figures 2 and 3 ), but no significant difference was observed between the RL and WL groups at P7. In contrast, the numbers of iIEL in the duodenum, jejunum, and ileum was higher in the GL group than those in the WL group at P7 [increased by 31.1% (P < 0.0001), 27.1% (P = 0.0026), and 25.0% (P = 0.0044), respectively]. We found that the number of iIEL kept increasing during the development of broilers. At P21, as compared with the WL group, the number of iIEL in the GL group increased by 32.6% in the duodenum (P < 0.0001), 39.6% in the jejunum (P < 0.0001), and 39.8% in the ileum (P < 0.0001), respectively. However, the numbers of iIEL in the BL group became the largest at P49, and were larger by 35.3% (P < 0.0001), 32.4% (P < 0.0001), and 41.9% (P < 0.0001) in the duodenum, jejunum, and ileum, respectively, than those in the WL group.
Like iIEL, the GC numbers in the duodenum, jejunum, and ileum increased significantly in the GL group by 35.7% (P = 0.0001), 24.0% (P = 0.0061), and 12.3% (P = 0.0069) at P7, and by 25.8% (P = 0.0002), 16.7% (P = 0.0392), and 14.5% (P = 0.0021) at P21, respectively, compared to the WL group. Until P49, there was a significant increase in GC number in the BL group compared to the WL group by 22.5% (P = 0.0007), Values within a column not followed by the same superscript letters differ significantly (P < 0.05).
1 P = post-hatching day; RL = red light; GL = green light; BL = blue light; WL = white light. Values within a column not followed by the same superscript letters differ significantly (P < 0.05).
1 P = post-hatching day; RL = red light; GL = green light; BL = blue light; WL = white light.
27.1% (P < 0.0001), and 28.8% (P < 0.0001) in the duodenum, jejunum, and ileum, respectively. However, there was no significant difference between the GL group and BL group at P21 in the jejunum (P = 0.5893) and ileum (P = 0.4702) and at P49 in the duodenum (P = 0.7353).
The IgA + cells showed oval shapes and their cytoplasms were yellow-brown by immunostaining. They Values within a column not followed by the same superscript letters differ significantly (P < 0.05).
1 P = post-hatching day; RL = red light; GL = green light; BL = blue light; WL = white light. were distributed in the lamina propria of villi, but a few of the IgA + cells were found close to the intestinal glands ( Figure 1E , F, and G). The number of IgA + cells in the RL group was the lowest in the 3 intestinal segments during the whole growth stage of broilers ( Figure  4) . However, the numbers of IgA + cells in the duodenum, jejunum, and ileum in the GL group were higher than those in the RL group at P7 (by 65.0%, P < 0.0001; 28.7%, P = 0.0052; and 94.1%, P < 0.0001, respectively) and at P21 (by 171.8%, P = 0.0001; 47.9%, P < 0.0001; and 50.2%, P = 0.0014, respectively). In contrast, until P49, there were more IgA + cells in the BL group versus the RL group by 131.1% (P < 0.0001), 105.7% (P < 0.0001), and 20.9% (P = 0.0180) in the duodenum, jejunum, and ileum, respectively. No statistical difference was observed between the GL group and BL group at P7 and P21 in the 3 intestinal segments, and at P49 in the duodenum and ileum.
DISCUSSION
Effects of Monochromatic Light on the Mucosal Mechanical Barrier in the Gut of Broilers
As described in the introduction, alterations in dietary components or husbandry could influence the intestinal mechanical barrier by altering villus height and crypt depth (Uni et al., 2001; Fasina et al., 2006) . Additionally, a shorter villus and a larger crypt can lead to poorer nutrient absorption and, accordingly, harm animal health (Xu et al., 2003; Mekbungwan et al., 2004) . The villus height and crypt depth and their ratios can also represent the intestinal mechanical barrier (Uni et al., 2001; Ding and Li, 2003; Fasina et al., 2006) . In the present study, our results revealed an increase in villus height and V/C ratios and a decrease in crypt depth in the GL group at P7 and P21 (the early growth stage) and in the BL group at P49 (the later growth stage) as compared with the RL and WL groups. Therefore, our results suggest that GL and BL promote better mucosal structure of the small intestine, resulting in a superior intestinal mechanical barrier in broilers.
Our study showed that the villus height descended from the duodenum to the ileum, but no statistically significant difference was found in the crypt depth. A similar result was reported in Arbor Acres broilers (Bao et al., 2009) , Ross 308 broilers (Awad et al., 2009) , and Leghorn chicks . In this study, however, the values in villus height and crypt depth were larger than the data of Bao et al. (2009) , but similar to the data of both Awad et al. (2009) and Liu et al. (2008) . Although we did not have a clear answer to the question why there were discrepancies in our data and those of Bao et al. (2009) 
Effects of Monochromatic Light on the Mucosal Immunological Barrier in the Gut of Broilers
Gut mucosal immune-associated cells usually contained iIEL, IgA + cells, and GC, which are the chief components of the intestinal immunological barrier. In the present study, our results indicated that an increase in iIEL, IgA + cell, and GC numbers became more obvious in the GL group in the early growth stage and in the BL group in the later growth stage as compared with the RL and WL groups.
Previous studies have suggested that the iIEL is a population of T lymphocytes and may be of particular importance as an immunological barrier during the mucosal immune response (Sim, 1995; Duncker et al., 2006) . The GC can synthesize and secrete mucus to the mucosal surface of villi, which is a part of the innate host response and involved in preventing intestinal pathologies and participating in adjusting local intestinal immune function (Forder, et al., 2007) . Furthermore, the IgA + cells are the chief element of humoral immunity in the gastrointestinal tract Khan et al., 2008) . Consequently, the numbers of iIEL, GC, and IgA + cells in the small intestine can be regarded as indicators for appraising the intestinal mucosal immunity (Zhang et al., 2007; Liu et al., 2008; Bao et al., 2009) . Therefore, this study suggests that GL (at the early growth stage) and BL (at the later growth stage) improved the intestinal mucosal immunity in broilers compared to RL. These differences in mucosal immunity between the different light colors were similar to those from our previous reports, which demonstrated that GL and BL elevated better systemic immunity in broilers than did RL (Xie et al., 2008a,b) . However, some previous studies recognized that RL enhanced cellular immunity in mature female turkeys as compared with GL and BL after 15 wk of photostimulation (Scott and Siopes, 1994) . The differing results from the study of Scott and Siopes (1994) and our study were probably caused by the use of different light sources and bird species, as Scott and Siopes (1994) used fluorescent light.
In summary, the present study showed that both the mechanical barrier and immunological barrier were improved in the small intestine of broilers by GL in the early growth stage and by BL in the later growth stage compared to RL. These results are consistent with other parameters such as BW (Cao et al., 2008) , muscle development (Liu et al., 2010) , and systemic immune function (Xie et al., 2008a,b) . These findings suggest that GL and BL better elevate performance and enhance health in broilers if they are used in modern broiler husbandry.
